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Disclaimer
This report was prepared as an account of work sponsored by an agency of the United States government. The test results documented in this report define the characteristics of the test article as configured and under the conditions tested.
Neither the U.S. government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. They also do not assume legal liability or responsibility for the performance of the test article or any similarly named article when tested under other conditions or using different test procedures.
Introduction
In the period from 14 October 2002 to 16 January 2003, an early production version of the AIR-X was installed at the NWTC test site for acoustic noise testing. In addition to the signals required for the noise testing, additional instrumentation that allowed power performance testing in accordance with IEC 61400-12 [1] was added. The results of that test are described in this report.
Please note that this test and the test report are not an accredited power performance test/test report because parts of the NWTC quality assurance system were not followed. 
Test Turbine and Test Site
The AIR-X is a three-bladed upwind turbine rated at 400 W. The AIR-X is similar to the Air 403 except for the controller of the AIR-X that prevents aeroelastic flutter. When the rotor speed or DC voltage is too high, the turbine will enter stall mode. When the rotor speed exceeds a preset limit while in stall mode the turbine shuts down.
The AIR-X tested at the NWTC is a 12-V marine version. The marine version includes sealed electronics and corrosion protection (the standard version does not include these features). More turbine details can be found in Table 1 .
In the data shed, the DC output of the turbine was connected to a DC bus that was connected to a battery bank and an Enermaxer™ load controller. The Enermaxer™ kept the voltage on the DC bus constant at 13.2 V by controlling power flow to a dumpload, which prevented the turbine from shutting down due to high voltage caused by full batteries.
The test turbine was installed on Site 1.6 at the NWTC, approximately 8 km south of Boulder, Colorado. The site is located in somewhat complex terrain at an approximate elevation of 1850 m above sea level. Figure 1 shows a plot plan of the test site with topography lines listed in feet above sea level. Upwind of the turbine, the Rocky Mountain foothills contribute to relatively high turbulence levels.
During the test, the turbine was mounted on a 13.1-m tower. The anemometer was mounted at hub height on a boom from the tower at 3.06 m (2.7 rotor diameters) toward 305°. The prevailing wind direction on the test site is 292°. Figure 2 depicts the test set-up.
Wind directions from 243° through 360° and 0° through 24° were used for this test, which is similar to the measurement sector for the tests done on the Air 403 on the same tower. No site calibration has been performed.
The NWTC test site has a low air density (approximately 1.0 kg/m 3 ) and high turbulence intensity (18% at 15 m/s). Both of these parameters affect the test results. For example, low air density will result in lower power output compared to output at sea level sites. The international standard for power performance measurements, IEC 61400-12, provides a method to correct for this effect, but the correction is not entirely accurate. Also at high turbulence intensity, stronger and more frequent gusts cause the turbine to exceed rpm limits at a lower average wind speed. Gusts also cause it to shut down more often while in stall mode. 
Instrumentation
A list of instruments used in this test is given in Table 2 . All instruments, with the exception of the temperature sensor, were calibrated prior to the test period. Ten-minute statistics (mean, maximum, minimum, and standard deviation) of all channels, based on 1-Hz sampling, were stored in the datalogger. During noise tests, 10-second averages were collected as well. The uncertainty components used in the analysis are given in Table 3 . Figure 3 gives the binned power curve for site average air density (1.02 kg/m 3 ) and the sea level air density (1.225 kg/m 3 ). For the AIR-X, normalization to sea level air density is made by multiplying power by the ratio of sea level air density to site air density. These results are based on data sampled once per second and "pre-averaged" into 10-minute data points. The binning process sorts the data points into 0.5 m/s wind bins and then averages the power data within each wind bin. Table 4 gives the results in tabular format for sea-level conditions. Besides the bin-averaged wind speed and power, it shows the number of data points in each bin (3 is the minimum), and it shows the uncertainty in each bin as calculated using the method given by IEC 61400-12. Table 5 indicates the annual energy production (AEP) from the turbine, assuming no downtime or outages. These results characterize the performance that an owner should expect from the turbine. AEP-measured assumes there is no power produced between the highest filled bin (three 10minute data points or more) and cut-out wind speed (here assumed 25 m/s). AEP-extrapolated assumes the turbine produces the power level from the highest filled bin all the way up to cut-out wind speed. Since the highest filled bin (18 m/s) in this test has a low power level, the two AEP numbers differ very little. Figure 4 depicts a scatter plot of 10-minute average, and the 1-sec maximum and 1-sec minimum in each 10-minute data point vs. the 10-minute average wind speed at the air density of the test site. Note that the maximum 1-sec (instantaneous) power output of this turbine is close to 750 W while the maximum 10-minute average power output is only 240 W. Please note that these instantaneous power readings should not be used to predict energy production.
Results
Ten-second data provide another view of the turbine's behavior. Figure 5 shows three distinct operating modes: normal operation, stall mode, and automatic shut-down. In between are transition points between the three operating modes. The turbine moves quickly from one mode to another. This turbine behavior has significantly reduced average power below peak power levels, and it is expected that small changes to the control algorithm or differences in wind turbulence could lead to significant changes in turbine performance. 
Comparison of Results with Publicly Available Data
There are two publicly available sources for AIR-X power performance data: SWWP's Web site [2] , which provides power curves and energy estimates, and Hugh Piggott's Web site, which gives power curves as measured by Paul Gipe [3] .
SWWP's Web site provides instantaneous power curves for both turbulent and non-turbulent environments. Figure 6 shows both of these curves.
Paul Gipe tested three early production versions of the AIR-X, which were designated AirX.1, AirX.2, and AirX.3. Figure 6 depicts these three power curves as well. Finally, the 10-minute, sea-level-normalized power curve measured by NREL is given in the graph.
The NREL power curve matches reasonably well with the power curves measured by Paul Gipe. shows that the normal power production and the stall mode of the "turbulent" curve are well matched by NREL data. The SWWP curve apparently does not include any data from automatic turbine shut-downs or transitions between the operating states. NREL's 10-second data also show that the turbine operates in stall mode at lower wind speeds than SWWP predicts. NREL did not obtain data that correspond with the SWWP "non-turbulent" curve. Winds at NREL's NWTC test site have high turbulence. Turbulence intensity can have a large effect on small wind turbine performance, so NREL investigated its effect. Figure 9 shows power curves in which data were filtered by turbulence intensity (TI). Low TI raises the peak of the power curve, but high TI raises the lower part of the power curve slightly. Note that insufficient data were available to plot power for winds above 13 m/s at low TI. This results in an underestimation of energy production at high wind speed sites.
The estimated AEP based on those power curves is given in Figure 10 1 . The figure shows that, at lower annual average wind speeds, there is no significant influence of turbulence intensity. At higher wind speeds, the low turbulence intensity results in higher energy capture.
The difference in AEP between the lowest TI and the second level of TI would be larger if power were available at winds above 13 m/s. Even so, the effect does not appear to be large enough to support SWWP's predictions of energy production. 
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